We present first-principles calculations of the zero field spin splitting of energy bands in wurtzite materials. Our calculations reveal that the huge electric fields originating from strong piezo-and pyroelecric character of nitrides do not increase the spin splitting of bands in nitride heterostructures. This implicates long spin lifetimes in quantum structures based on these materials and weak possibility of tuning with external electric field.
Introduction
Recently, the room temperature ferromagnetism in diluted magnetic semiconductor GaN:Mn has been predicted theoretically and later confirmed in numerous experiments [1] . This opens new perspectives for spin devices entirely based on nitrides. The possible design of such spintronic devices requires the understanding of the spin dynamics and spin relaxation processes, which are, in turn, determined by the zero field spin splitting of the bands. Unfortunately, the spin splitting of the bands, induced by the spin orbit interaction, is mostly unknown in nitride quantum structures. In standard semiconductors, the electric field dependence of the spin splitting of energy bands (Rashba effect) has a marked influence on the spin dynamics and spin relaxation processes. This issue becomes much more relevant in nitride heterostructures. In view of their huge (of the order of a few MV/cm) electric fields that originate in their strong piezo-and pyroelectric character, one may anticipate a very significant spin splitting.
In this paper, we present a systematic study of the influence of these built--in electric fields on the spin splitting in nitride heterostructures. These studies are based on first-principles, relativistic local density calculations that provide very accurate description of the spin splitting in nitride bulks [2, 3] . Here, we concentrate on the lowest order in the wave vector k spin splitting, i.e., terms linear in k.
Results and discussion

Zero field spin splitting in wurtzite bulks
For wurtzite bulks and superlattices grown along the c-axis, the effective 2×2 Hamiltonian describing linear-k terms can be written in the form
, where σ is the vector of Pauli matrices, k x and k y are wave vector components in the plane perpendicular to the hexagonal axis, and α R is a band dependent constant that determines the isotropic spin splitting energy ∆E spin = 2α R (k
1/2 of a certain band. In the wurtzite structure, the combination of crystal-field and spin-orbit interactions leads to a three-edge structure of the top of the valence band in the Γ point, known as A, B, and C edges. Two of these three edges are of Γ 7 and one of Γ 9 symmetry, while the lowest conduction state has Γ 7 symmetry. The valence states are, in order of decreasing energy, Γ 9 , Γ 7 , Γ 7 for GaN, and Γ 7 , Γ 9 , Γ 7 for AlN (i.e., like in ZnO). It is known that the Γ 9 states of wurtzite are not linearly split. In Fig. 1 we depict calculated values of constant α R for the highest Γ 7 valence and conduction band states in AlN and GaN and compare with the values for other semiconductors. As can be seen in Fig. 1 , in all wurtzite semiconductors, the linear-k spin splitting is considerably smaller in the conduction band than in the valence band.
Zero filed linear-k spin splitting in AlN/GaN superlattices
In further discussion, we focus on the spin splitting of the conduction band in AlN/GaN superlattices. We have performed calculations for AlN/(GaN) n superlattices with various widths of the GaN quantum wells, measured by the number of GaN layers n. The divergence of the large electric polarization (spontaneous and piezoelectric) causes negative and positive bound sheet charges located at the interfaces, which leads to huge electric fields in the structure of the order of a few MV/cm. A schematic band line-up of (AlN) 4 /(GaN) 8 superlattice together with the calculated wave functions of the top of the valence band and bottom of the conduction band are shown in Fig. 2 . The wave function of the valence band top is strongly localized at one interface, just giving rise to the negative polarization charge. In the (AlN) 4 /(GaN) n superlattices on GaN substrate, the calculated values of the constant α R are equal to 0.4, 0.9, 0.6, and 0.8 meVÅ for n = 4, 8, 12, 16, respectively (see Fig. 3 ). They are therefore an order of magnitude smaller than the corresponding value of the α R constant for bulk GaN (α R = 9 meVÅ). It means that the macroscopic electric field in the well that originates from interfaces charges counteracts the effect of spontaneous polarization of the bulk material and leads to the strong reduction of the conduction band spin splitting. This reduction is only weakly dependent on the width of the well.
To investigate the role of the macroscopic electric field further, we calculated also the spin splitting in the AlN/(GaN) n superlattices grown on AlN. In such structures GaN quantum wells are subject to the strong compressive biaxial strain that results from the lattice mismatch (-2.5%). This strain causes the considerable increase of the conduction band spin splitting, giving the value of α R equal to 20 meVÅ in biaxially strained GaN. For the (AlN) 4 /(GaN) n superlattices on AlN, the calculations yield the values of α R equal to 8, 11, and 12 meVÅ for n = 4, 8, 16, respectively. The reduction of α R constant caused by the polarization induced macroscopic electric field is of the same order as in the case of AlN/GaN superlattices grown on GaN.
We would like to stress that the linear in k spin splitting terms dominate the spin splitting around the Γ point. Even for wave vectors of the length 0.25Å
(roughly 1/4 of the Brillouin zone) the linear term constitutes approximately 75% of the total spin splitting. The strong dependence of the constant α R on the growth induced strain (mostly unknown) hinders direct comparison with experiment. On the other hand, the present calculations shed light on the physical origin of contradictory values of the spin splitting of the conduction band electrons as extracted from various experiments [4] [5] [6] .
Altogether, the conduction band spin splitting of the AlN/GaN heterostructures remains small in spite of the huge electric fields, indicating long spin relaxation times in the nitride heterostructures. For comparison, α R for [111] AlAs/GaAs heterostructure is by the factor 10 larger (equal to 140 meVÅ) than the highest value of α R observed in AlN/GaN structures. On the other hand, the spin splitting of the conduction band can be only marginally influenced by the external electric field. The calculations show that the external bias of 250 kV/cm changes the constant α R by approximately 1%.
Conclusions
The presented calculations strongly suggest that GaN heterostructures are a promising candidate for some spintronic applications, where long spin lifetime is needed. GaN quantum wells are not particularly suitable for spin transistor (rather weak steering possibility) but they can be very good for static Qbits.
